Abstract [1] Magnetopause Kelvin-Helmholtz (KH) waves are rich in complex magnetic and flow structures which are key to understand the role of these waves in facilitating the solar wind plasma transport into the Earth's magnetosphere. Four spacecraft in tetrahedral configuration provide the tools necessary for characterizing in situ magnetic geometry and vortical flow. We apply the tools on KH waves observed by Cluster inside an electron boundary layer on the duskside magnetopause. Magnetic curvature and flow vorticity properties of the KH waves are obtained for various solar wind conditions. Smaller curvature radius and higher-positive vorticity are found for longer wavelength. Changes in KH wavelengths observed with relatively fixed tetrahedron size allow us to resolve magnetic curvature in multiscales. For the first time in a space plasma, we report the dependence of the curvature radius measurement on the ratio of the tetrahedron size to the wavelength, consistent with nonlinear spatial variations of magnetic structures that would be resolved by nested cross-scale spacecraft tetrahedrons. Negative vorticity is found to develop in the rolled-up vortex, adjacent to positive vorticity in the vortex core. The strength of negative vorticity is found to increase with the solar wind proton density and proton bulk flow speed. This study provides observational evidence of multiscale magnetic structures and is useful for understanding the development of rolled-up vortex signatures during various stages of solar wind-controlled KH wave evolution.
Introduction
Four-spacecraft analyses allow us to resolve in situ spatial and temporal dimensions of space plasmas. Cluster is the first four-spacecraft mission launched in 2000 to study the Earth's magnetospheric environments (Escoubet et al., 2001) . Under northward interplanetary magnetic field (IMF) conditions, the Earth's magnetospheric boundaries along the flanks can be unstable to Kelvin-Helmholtz (KH) instability. KH instability can induce surface waves on the flank magnetopause, which may facilitate solar wind plasma transport across the magnetopause through secondary mechanisms such as magnetic reconnection (e.g., Nakamura & Fujimoto, 2008; Nykyri & Otto, 2001 ) and turbulence (e.g., Matsumoto & Hoshino, 2004; Rossi et al., 2015) . Recently, a cross-scale energy transport from fluid to ion scales, a fundamental problem in plasma physics, has been reported within a KH vortex using Cluster observations (Moore et al., 2016; Retinò, 2016) . KH waves can also be observed in other environments such as in the solar corona at the flank of a coronal mass ejection (Foullon et al., 2011) and in a prominence (Hillier & Polito, 2018) . They are also observed in other planetary magnetospheric boundaries such as those of Mercury (e.g., Slavin et al., 2008) and Saturn (e.g., Masters et al., 2010) . Studying KH waves at the Earth's magnetopause has the advantage that in situ multispacecraft measurements are much more accessible than in any other environment.
The KH instability bends magnetic fields and induces vortical flows in the magnetopause boundary layers. Magnetic and flow structures are ubiquitous in the Earth's magnetospheric environments and are best studied using multispacecraft observations. In particular, four-spacecraft techniques provide qualitative properties of space plasmas that are difficult to resolve by single-spacecraft methods. However, understanding applications and limitations of four-spacecraft techniques is essential to interpret their outputs. Kieokaew et al. (2018, K18 hereafter) applied magnetic curvature analysis (MCA; Shen et al., 2003) and vorticity analysis (Chanteur, 1998) techniques on magnetohydrodynamics simulations of magnetopause KH waves. In particular, they applied the techniques using various sizes of the four-spacecraft tetrahedron with a fixed KH wavelength. Multiscale structural analyses of the KH process are a first step to a physical cross-scale understanding. K18 show spatial characteristics of magnetic curvature and flow vorticity of the simulated KH waves in the magnetospheric context, near the equatorial plane where the conditions are KH-unstable, C| which is equal to the radius of a circle that can be fitted into the curved magnetic field line.
as illustrated in Figure 1 . For example, small radii of curvature are found along the KH wave trailing edges (sunward facing) in the magnetospheric boundary layer as shown in Figure 1a (see also Figures 1c and 1d ). For a rolled-up vortex developed on the duskside magnetopause, negative flow vorticity is expected to form between the strong positive flow vorticity of the vortex core and the positive flow vorticity of the original shear layer as shown in Figure 1b . This negative vorticity feature persists through the nonlinear development stage. Such expected signatures have yet to be confirmed in real observations.
Four-spacecraft measurements are sensitive to the distances between spacecraft. This was demonstrated in K18, who found that the measures of four-spacecraft signatures of the magnetopause KH waves are depending on the tetrahedron size. This is because plasma structures have nonlinear variations in the spatial dimension (e.g., see Figure 1c ). They proposed two scenarios as examples of the nonlinear spatial variations of a magnetic structure that lead to (1) increasing and (2) decreasing radius of curvature measurements (see their Figure 4 ). Of particular interest is the numerical result that the measure of radius of curvature (Figures 1c and 1d ) should increase linearly with the tetrahedron size when the ratio of the tetrahedron size, a, to the KH wavelength, KH , is between 0.075 and 0.25. Such ratios are easily achieved with Cluster at the magnetopause. The magnetic curvature in the simulation erratically varies with the tetrahedron size outside this range, possibly due to complex structures in small (a∕ KH < 0.075) and large (a∕ KH > 0.25) scales. Nevertheless, some qualitative features of the magnetopause KH waves are shown to be less sensitive to the tetrahedron size such as magnetic curvature direction and flow vorticity polarity (as those sketched in Figures 1a and 1b) . With these simulated preliminaries in mind, we are now looking for observational confirmation of nonlinear spatial variations of plasma structures associated with the Earth's flank magnetopause KH waves.
We choose KH observations on the dusk flank magnetopause by Cluster from the 20-21 November 2001 event. The coexistence of cold solar wind and hot magnetospheric ion populations in the vortices is first
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reported as evidence of solar wind plasma transport during the nonlinear stage of the waves by Hasegawa et al. (2004) . Magnetic and velocity perturbations are reported to be consistent with rolled-up vortices for a 16-min interval that is later confirmed by Hasegawa et al. (2006) using a single-spacecraft method . Chaston et al. (2007) report evidence of diffusive transport across the magnetopause due to mode conversion from surface to kinetic Alfvén waves that is sufficient to account for the boundary layer formation. Foullon et al. (2008, F08 hereafter) characterize the evolution of the KH waves with the boundary layer thickness, geomagnetic latitude, and IMF clock angle (defined by the clockwise angle between the IMF orientation and the geomagnetic north direction) by utilizing the exceptionally prolonged KH activity of about 17 hr. They select five 2-hr intervals of relatively steady solar wind conditions but with different IMF clock angles. In particular, using four-spacecraft methods, they report the dependence of KH wavelengths and maximum spectral power on the IMF clock angle, consistent with Farrugia et al. (1998) . We also note a work by Shen et al. (2012) in which they employ multiple-point analysis tools and use the same short interval as Hasegawa et al. (2004) for illustrations of flow vorticity and current density calculated from a three-spacecraft method.
The Cluster 20-21 November 2001 event, as previously analyzed by F08, allows us to benchmark the four-spacecraft methods for identifying rolled-up KH vortices, as proposed by K18. The resolved characteristics relate to physical phenomena that previous studies did not explore. Moreover, the different KH wavelengths and amplitudes (controlled by IMF clock angle) in the five intervals in F08 allow us to characterize KH properties at various scales. Indeed, the different KH wavelengths are observed with a four-spacecraft tetrahedral configuration that can be considered of fixed size during the event and relative to the wavelength changes. This is opposite to the approach in the numerical study of K18, where the size of the virtual tetrahedron is varied relative to a given wavelength from a single KH event. These two approaches are equivalent in that they allow us to study variations in KH wave properties for changes in the a∕ KH ratio. Therefore, the new observational approach allows us to probe the KH waves in five "nested" scales with the aim to provide evidence for the nonlinear spatial variations of KH structures.
In this paper, we will resolve three-dimensional spatial characteristics of magnetopause surface waves with four identical spacecraft forming a tetrahedral configuration that detail multiscales of plasmas. We first investigate the magnetic curvature of simple boundary layer crossings of KH waves. The short interval in Hasegawa et al. (2004) and Shen et al. (2012) is revisited to benchmark applications of the four-spacecraft tools. We then compare four-spacecraft analysis results for different scales of KH waves subjected to various IMF clock angle conditions, as characterized in F08. UT) with different IMF clock angle, solar wind proton bulk flow speed, and proton density. The solar wind conditions for each 2-hr interval are those tabled in F08, given in the observation frame of Cluster (see our Table 2 ). They were derived from the NASA High-Resolution OMNI product that is initially measured by the Advanced Composition Explorer satellite and time shifted to a model bow shock nose. Since not all on board instruments of Cluster (C1, C2, C3, and C4) were operative, we obtain plasma conditions as follows. Magnetic field data are provided by the Flux Gate Magnetometer instruments on C1-C4. Ion density, temperature, and bulk velocity data are provided by the Composition and Distribution Function analyzer instruments on C1, C3, and C4. Kinetic pressure is provided by the Hot Ion Analyzer instrument on C1 and C3. Original data are obtained in geocentric solar magnetospheric (GSM) system and transformed to the local boundary coordinates (LMN) using transformations given in F08 and derived from a model magnetopause (Roelof & Sibeck, 1993) . In this LMN coordinates, N is perpendicular to the unperturbed model magnetopause pointing away from the Earth, L points along Z GSM , and M completes the system (which is in the sunward direction for the dusk event).
Data and Methodology
The following information is important to understand and to justify four-spacecraft results. We use the KH wavelengths derived by F08 from applying the timing analysis onto the wave leading and trailing edges (see Figure 1a) , in which the boundary normal speeds are obtained and projected onto the wave propagation direction. These KH wavelengths are proportional to the spectral power of the waves that correspond to the wave amplitudes (Foullon et al., 2010) . The average interspacecraft separation during the event under study is 2,000 ± 93 km. Considering dominant KH wavelengths which are 1.5-2.9 Earth radii (R E ) for all intervals of KH activity in this event, the ratio of the tetrahedron size to the KH wavelengths is between 0.11 and 0.23, where a linear dependence of magnetic curvature on tetrahedron size is expected (see K18). The average tetrahedron configuration has an elongation of 0.07 ± 0.05 and planarity of 0.08 ± 0.04, which can be categorized as a regular tetrahedron where high accuracy of four-spacecraft tools are expected (Robert et al., 1998) . Figure 2 shows average Cluster C1 (black), C2 (red), C3 (green), and C4 (blue) positions projected on GSM X-Y, X-Z, and Y -Z planes. C3 is chosen as the reference spacecraft for its middle position along the X and Y directions which correspond to the wave propagation and perturbation directions, respectively, as seen in Figure 2 .
The magnetic curvature, C, is calculated using the MCA derived by Shen et al. (2003) which applies a linear gradient estimation (e.g., Harvey, 1998 ) to calculate C = b · ∇b, where b = B∕|B| is the average unit magnetic field at the tetrahedron barycenter. The magnetic curvature is estimated according to the expression
B i ∕4 are the average magnetic field components, and ∇ i B j are the linear magnetic gradient tensors. Truncation errors of the method, arising from Taylor's expansion, are of order (a∕D) 2 where a is the spacecraft separation and D is the scale size of the resolved structure. The vorticity, Ω = ∇ × V, where V is the velocity field, is calculated using the linear barycentric estimator (Chanteur, 1998) . The method calculates the curl of a velocity field according to Ω = ∑ 4
=1
k ×V , where k is the reciprocal vector and V is the ion bulk velocity of spacecraft-. The reciprocal vector is derived from the relative spacecraft position vectors r = r − r according to k = (r × r )∕(r · r × r ), where ( , , , ) is a cyclic permutation of (1, 2, 3, 4). These two techniques have been applied on KH waves in 2.5-D magnetohydrodynamic simulations using varying tetrahedron sizes in K18.
Since the ion bulk velocity data are not available at C2, we require a proxy to apply the vorticity technique. We are interested in comparison with previously simulated fluid-scale bulk flow properties. We can use the results obtained from applying a three-spacecraft technique on ion data (Shen et al., 2012) to corroborate our derived vorticity. The high-cadence C2 electron data set would require a separate treatment (F08). We thus obtain a proxy for the C2 ion bulk velocity by considering the 3-D spacecraft configuration in Figure 2 with respect to wave perturbations as follows. KH waves are mainly confined in the equatorial plane (X-Y plane in GSM system or M-N in LMN system) when the IMF is strongly northward. The waves propagate tailward in −X direction (−M in LMN system) with their amplitude growing in Y direction (N in LMN system; see also Figure 1 ). C2 and C3 are far apart in the Z direction as seen in Figures 2b and 2c by about 0.3 R E , but this direction should not be of concern for our proposed approximation because it is not the main perturbation direction. Given that C2 is located close to C3 in the X direction by about 0.1 R E and at almost the same level in the Y direction as seen in Figure 2a , we obtain the C2 ion bulk velocity proxy by time shifting the C3 ion bulk velocity data with time delays obtained from cross correlation between time series. These time delays were derived by F08 (see their Table 4 ), where they obtain average four-spacecraft timings at C1-C4 from magnetic field component B m and electron perpendicular temperature T e⟂ time series for both inbound and outbound crossings. These time delays are shown in Table 1 for (a) inbound and (b) outbound crossings for both B m and T e⟂ for the five intervals characterized in F08. We use the average of these time delays in each 2-hr interval. Averaging both time lags from magnetic field and temperature series gives better statistics for ion velocity. Above considerations are based on the stationarity assumption of the waveform in the time scale of the time lags between C2 and C3. The stationarity assumption is valid when the time lags are much shorter than the KH development time. Comparing the average time lags of all cases of 2 to 15 s (Table 1) to relevant KH wave periods of 3 to 4 min and derived properties over intervals of 12 min and 2 hr in section 3.3, the stationarity assumption is acceptable. Our vorticity result using the synthetic C2 ion velocity is found to be consistent with the vorticity calculated using a three-spacecraft technique by Shen et al. (2012) for the same interval.
Results
Magnetic Curvature in the Magnetopause Boundary Layers Disturbed by KH Waves
We first examine the magnetic curvature in the boundary layers disturbed by KH waves in order to investigate magnetic field distortions in the presence of the KH instability. (4)) is shown as an example of an oscillatory structure in F08. This time interval is part of interval B which has the lowest clock angle (12 • ± 10 • among the five intervals A-E. Figure 3a shows ion density at C1 (black) and C3 (green) which refer roughly to inner (tenuous) and outer (dense) magnetospheric boundary layers. Since the KH waves propagate tailward, we may refer to transitions between boundary layer regions seen by the spacecraft as follows. An "outbound" transition is associated with the trailing edge (sunward facing edge; see Figure 1a ) of the wave where the spacecraft transits from the inner to outer magnetospheric boundary layers, for example, from (1) to (2) and (1 ′ ) to (2 ′ ). An "inbound" transition is associated with the leading edge of the wave where the spacecraft transits from the outer to inner magnetospheric boundary layers, for example, from (3) to (4) and from (3 ′ ) to (4 ′ ). Figure 3b shows magnetic field components at C3 with magnetic field rotations during the inbound and outbound transitions, best seen in B m (purple line). These are signatures seen by all spacecraft.
We are next considering magnetic curvature at the barycenter of the four Cluster spacecraft as resolved by MCA. Figure 3c shows curvature components which indicate the direction of the magnetic tension force perpendicular to the magnetic field lines (see Figure 1c) . Curvature component C m (purple) changes from positive (approximately sunward) to negative (approximately tailward) values during the outbound crossings, while it changes from negative to positive values during the inbound crossings. Figure 3d shows radius of curvature (see Figure 1d ) defined by R c = 1∕
with a truncation error (a∕R c ) 2 where a is the tetrahedron size. The radius of curvature typically reaches a local minimum at each marked number (vertical solid line). Considering magnetic field configuration in the equatorial plane, we consider a 2-D curvature projection C p = C m m + C n n. Figure 3e shows the 2-D normalized curvature projection vectors with color-coded angles = arctan(C n ∕C m ) (consistent with those in Figure 1a ). The curvature projection changes from sunward (mint green) at around (1) to tailward (red) at around (2) during the outbound crossing. The curvature projection changes from tailward and earthward (purple) at around (3) to the opposite direction (green) at around (4) during the inbound crossing. These observational results show that magnetic 
curvature points in opposite directions when crossing the boundary layers disturbed by the KH waves, confirming the simulation result in K18.
The opposite change of curvature direction across the boundary layer is likely due to the bending of magnetic fields by the KH waves. We notice that the magnetic field rotation at outbound crossings (e.g., from (1) to (2)) is more pronounced than that at the inbound crossings (e.g., from (3) to (4)). Also, we notice that the radius of curvature in Figure 3d on the outer magnetospheric side (e.g., number (2)) is smaller than that on the inner magnetospheric side (e.g., number (1)). This implies that the magnetic field bending is stronger on the outer magnetospheric side. Figure 4 shows time series for the interval between 20:30 and 20:40 UT. This time interval was shown to have signatures consistent with rolled-up vortices in Hasegawa et al. (2004 Hasegawa et al. ( , 2006 . This time interval is also studied in the wider 2-hr interval D by F08 and used for illustrations of three-spacecraft calculations of vorticity and current density in Shen et al. (2012) . We are now revisiting this time interval using the four-spacecraft techniques described in section 2.
Rolled-up Vortex Signatures
Figures 4a-4d) show time series from C1, C2, C3, and C4, with black, red, green, and blue lines, respectively. Vertical dotted lines mark outbound transitions in which the spacecraft transit from inner to outer magnetospheric boundary layers (wave trailing edges). Figure 4a shows magnetic field components B m , which generally increases sharply at each outbound transition. Figure 4b shows ion density which also generally increases sharply at the outbound transitions. Figure 4c shows ion bulk velocity components V m (thick solid lines) and V n (thin solid lines) with the proxy data at C2. Using the lower-density and faster-than-sheath (LDFTS) criteria given in Hasegawa et al. (2006) where n < 6 cm −3 and, to first approximation, |V m | > 290 km/s, we mark the ion population that fits the criteria in Figure 4b with green dots. The LDFTS population is best seen at ∼20:33 UT marked by a vertical black solid line, colocated with the fast tailward speed (V m < −290 km/s) in Figure 4c (thick solid lines). This population is found at the beginning of a turning of the ion bulk velocity component V n from earthward (V n < 0) to antiearthward (V n > 0) seen at C1 (black thin line) which corresponds to a counterclockwise (CCW) vortical flow seen from above the equatorial plane, as expected for vortices developed on the duskside. These are strong evidence of a vortex. Figure 4e shows curvature components and Figure 4f shows the normalized curvature projection (C p = C m m + C n n). The outbound transitions (vertical dotted lines) colocate with C m minima in the outer magnetospheric side, which correspond to tailward curvature (C m < 0) in Figure 4e (purple line). In Figure 4f , we notice a curvature vector rotation at around 20:33 UT marked by a circle next to the LDFTS plasma (green dots in Figure 4b ). The curvature projection rotates from tailward (red) to sunward (mint green), corresponding to a clockwise (CW) rotation seen from above the equatorial plane, and consistent with the curvature directions sketched in Figure 1a at the vortex center. This curvature rotation is against the CCW vortical flow at 20:33 UT, reported earlier in Figure 4c . During 20:33 and 20:35 UT, the curvature vectors mainly point in sunward and earthward direction (mint green). Figure 4g shows the radius of curvature, which is typically found to reach a local minimum at the outbound transitions (similar to (2) and (2 ′ ) in Figure 3d ). The radius of curvature does not show distinct variations during the rolled-up vortex passage at 20:33 UT. Figure 4h shows northward vorticity component Ω l , which is along Z in GSM coordinates. The northward vorticity is found to reach a maximum at the outbound transitions, consistent with the three-spacecraft study by Shen et al. (2003) . These maxima are due to the shear layer transitions at the wave trailing edges (see Figure 1b ), typically associated with high total pressure, and should not be confounded with vortex centers which correspond to low total pressure. For the rolled-up vortex at around 20:33 UT, we notice high positive vorticity interval with a peak of value Ω l ∼ 0.10 s −1 . After that, the vorticity decreases and then reaches negative values with a minimum of −0.03 s −1 at around 20:34 UT. This pair of high positive and small negative vorticity intervals confirm the rolled-up vortex signature found in the simulation by K18 as sketched in Figure 1b . The negative vorticity is also found in the next adjacent waveform with more negative values briefly before 20:38 UT, consistent with the simulation result that the negative vorticity remains present in the saturation phase.
Parametric Survey
We further apply the four-spacecraft techniques in the intervals A-E to compare properties of local magnetic and flow structures when the wave activity is subjected to different solar wind conditions (as characterized in F08). For the magnetic curvature property, we consider a minimum curvature, which is typically found at the wave trailing edges (e.g., vertical dotted lines in Figure 4g ). Note that a maximum curvature radius is of no interest because it is typically very large and therefore indicates a straight magnetic field line. For the vorticity, we consider its maximum and minimum values. These curvature radius and vorticity extrema may be regarded as the local properties associated with the waves. To obtain these extrema, we divide each 2-hr interval into 10 subintervals of 12 min. The chosen subinterval duration is larger than the KH wave period which is 3-4 min for the dominant mode (see Table 5 of F08) and is adequate because a waveform does not always periodically appear. The extrema are obtained for each subinterval and their averages for each 2-hr interval are presented in Table 2 . We follow the characterized 2-hr intervals in F08 as they provide optimal intervals to study a variety of solar wind IMF clock angle conditions and minimize standard deviations of the IMF clock angles.
The representative four-spacecraft outputs are plotted against the solar wind conditions in Figure 5 . The upper panels, Figures 5a, 5d , and 5g, show the average minimum radius of curvature against the solar wind conditions. The minimum radius of curvature positively correlates with IMF clock angle as seen in Figure 5a . This means that magnetic field structures are more bent (smaller radius of curvature) for lower IMF clock angle. The minimum radius of curvature does not show significant correlations with either solar wind speed (Figure 5d ) or proton density (Figure 5g) . The middle panels, Figures 5b, 5e , and 5h, show the average maximum vorticity against the solar wind conditions. The maximum vorticity has a positive sign as expected for vortices developed on the duskside magnetopause. The maximum vorticity is found to be higher for lower IMF clock angle as seen in Figure 5b . Excluding the interval E, the maximum vorticity slightly decreases with faster solar wind speed as seen in Figure 5e and denser proton density as seen in Figure 5h . Note the interval E has almost no KH activity and therefore may be regarded as a control group. In addition, one can see that the interval C has the highest maximum vorticity in Figure 5b . From detailed investigations, it appears that there is a sudden drop in ion bulk velocity, for about ΔV = 250 km/s during the interval C (see Figure 2b of F08 for data at C3). Therefore, the high vorticity of the interval C is not purely caused by the KH wave activity but results from the sudden change in ion bulk velocity during the interval (hence, the large error bar). The lower panels, Figures 5c, 5f , and 5i, show the average minimum vorticity against the solar wind conditions. The minimum vorticity has a negative sign. The minimum vorticity does not well correlate Table 2. with the IMF clock angle as seen in Figure 5c . The minimum vorticity becomes more negative with the higher solar wind speed as seen in Figure 5f and higher proton density as seen in Figure 5i . Despite limited data points, Figures 5a, 5b , 5f, and 5i show good correlations (with the correlation coefficient R 2 ≥ 0.6). We discuss all these features in the next section.
Discussions
The four-spacecraft analyses above have revealed additional signatures of the KH waves observed on 20-21 November 2001 by Cluster, complementary to previous analyses. MCA reveals magnetic distortions caused by the KH waves. In particular, we have seen evidence of magnetic field twisting against the vortical flow at the vortex center (highlighted by black circles in Figures 4c and 4f) , consistent with the simulation in K18 (Figure 1a) . MCA also aids in distinguishing KH waves regions as proposed in K18, by confirming several signatures as follows. First, we find minimum curvature radii at the wave trailing edges (less than 1 R E ). Second, in the same regions, magnetic curvature, which points in the magnetic tension direction, is found to point sunward and earthward on the inner magnetospheric side and to rotate into the opposite direction on the outer magnetospheric side. This magnetic field distortion at the wave trailing edges may be favorable for magnetic reconnection, the so-called Type I vortex-induced-reconnection (e.g., Nakamura & Fujimoto, 2008) , and it is consistent with recent observations (Eriksson et al., 2016) . Evidence of magnetic reconnection is reported at 20:34:55 UT (near the third vertical dashed line in Figure 4) by Hasegawa et al. (2009) . Magnetic field distortions due to the twisting of the magnetic field lines may lead to the antiparallel magnetic configuration (in 3-D) favorable for reconnection at this location.
We have shown signatures of vorticity as seen in Figure 4h between 20:31 and 20:35 UT, consistent with rolled-up vortices and rolled-up history proposed by K18 (Figure 1b) . A relatively high positive vorticity is found in the vicinity of the LDFTS plasma as seen in Figure 4b and 4h. We note here that the magnitude of the vorticity at the vortex center is not significantly higher than that at the boundary layer (original shear layer). In K18 (and also in Gratton et al., 2009) , the vortex center has stronger vorticity than that of the original shear layer. This is possibly because the detected KH waves are at the interface between outer and inner magnetospheric boundary layers, while those in the simulations are at the magnetopause surface. We also found negative vorticity next to the positive vorticity at the vortex center, consistent with simulations in K18 (see Figure 1b) . This feature is also consistent with counterrotating vortices (with the negative vorticity), which arises after one roll-over time shown in three-dimensional magnetohydrodynamic simulations by Gratton et al. (2009) .
We now discuss the features identified in Figure 5 from comparing the five 2-hr data intervals characterized by F08. Since F08 demonstrated the occurrence of larger KH wavelength and amplitude for lower IMF clock angle, it is possible to discuss relationships between the size of the KH waves and the local properties given by our results. In Figure 6 , we choose to show relationships between the minimum curvature radius and the KH wavelength; the relationships for the maximum vorticity will be similar but with a reversed trend (not shown). Average minimum curvature radii versus KH wavelengths of the dominant modes for the five intervals are plotted in Figure 6a . There is a tendency for the smaller (minimum) curvature radius measurement to occur in larger KH waves. This could result from nonlinear developments of small-scale structures inside the large-scale waves. However, taking into account the tetrahedron size effect in Figure 6b , we reveal a dependence that can be interpreted as multiscale structures resolved by different ratios of a∕ KH .
Consistent with nonlinear spatial variations of physical structures, K18 found that the magnetic curvature radius measurement resolved by MCA is dependent on the tetrahedron size. These nonlinear spatial variations can be resolved by a cross-scale configuration of small-and larger-scale tetrahedrons with the same barycenter, as shown in their simulation for a single wavelength KH wave. Looking for such observational evidence, we have used for the first time a favorable event to resolve spatial variations of the magnetic 10.1029/2019JA026484 structures in multiscales, thanks to variations in KH wavelengths for five intervals with approximately fixed tetrahedron size (opposite to K18's case). To examine this, Figure 6b shows the measurements of minimum curvature radii against the tetrahedron sizes relative to the wavelength for the five intervals. The ratio of the minimum curvature radius to the wavelength is roughly increasing with the ratio of the tetrahedron size to the wavelength a∕ KH . This shows that the minimum curvature radius measure is increasing with the relative tetrahedron size. The dashed black line represents a linear fit to revised numerical data (published in K18, revised in Kieokaew, 2019 , to correct for a small numerical inaccuracy) for curvature radii in the wave trailing edge, where the minimum curvature radius is typically found, resolved by the varying tetrahedron sizes, viz.
for their range a∕ KH ∈ [0.05, 0.25] where the linear dependence on the tetrahedron size is found. The data points from Cluster are roughly consistent with the linear fit from the simulation, which confirms the dependence of the curvature radius measure on the (relative) tetrahedron size. This plot illustrates the nonlinearity of spatial variations of the magnetic field structures in observations as resolved by Cluster.
The above comparison with the simulation assumed that the KH waves in the five intervals for this event have spatial variations governed essentially by their amplitudes (or wavelengths) and/or physical parameters (density, velocity jumps) controlling the KHI excitation. This is not entirely true as these waves can have other, possibly minor, spatial variations due to their nonlinear evolution (rolled-up vortex signatures and other nonlinear spatial variations). These waves are considered to be of remote origin [F08] such that they are produced somewhere on the dayside where the conditions are KH-unstable (Farrugia et al., 1998) , for example, where the shear angle between the IMF clock angle and the Earth's magnetic fields is low, and so the waves in the five intervals of different IMF clock angles have different growth rates at the source regions. Consequently, these waves are in different stages of development when they are probed by Cluster. Of particular relevance is the simulation result (for fixed wavelength) that the average radius of magnetic curvature can become smaller when the KH wave evolves from linear to nonlinear stages (Kieokaew et al., 2018; Ryu et al., 2000) . Since the intervals A (IMF clock angle = 36
• ± 3 • , KH = 2.16 ± 0.82 R E ) and B (IMF clock angle = 12
• ± 10 • , KH = 2.07 ± 0.49 R E ) in Figure 6b have the same ratios of a∕ KH , we can attribute the differences to the impact of nonlinear KH development on the radius of curvature. Here, the KH waves in interval B have smaller minimum R c ∕ KH than that of the interval A. This is consistent with the other properties showing that the KH waves in the interval B are more developed than the waves in the interval A (F08).
Higher (maximum) positive vorticity in longer wavelength KH waves (not shown) is consistent with larger vortices found in KH simulations of the magnetopause (e.g., Belmont & Chanteur, 1989; Miura, 1999) . In addition to the main positive vorticity expected on the duskside, we have found the negative vorticity which is a secondary feature associated with rolled-up vortices (consistent with Figure 1b) . In theory, negative vorticity occurs after rolling up (Gratton et al., 2009 ), and we would expect the negative vorticity layer between the positive vorticity layers of a rolled-up vortex core and an original shear layer (K18). However, from the observations (F08), we know that not all five intervals contain rolled-up vortex signatures. Indeed, in interval E, the method picks up vorticity minima that are close to zero (see Figures 5c, 5f , and 5i), but still negative. This interval contains little wave activity and therefore should not be regarded as having any rolled-up vortex signature. The strength of the negative vorticity increases with the solar wind speed (Figure 5f ), consistent with more developed KH waves as expected for higher velocity shear across the boundary layer. In addition, the magnitude of the (positive, negative) vorticity should be initially controlled by the vorticity scaling value |Ω| ∼ |V sw ∕ΔL|, where V sw is the solar wind speed and ΔL is the thickness of the boundary layer (e.g., K18); the KH activity then amplifies/weakens this initial vorticity. Using the boundary layer thickness (ΔL) obtained by F08 in their Table 3 , it can be shown that the scaling values of all intervals are in the order A > C > B > D > E that is in the same order as the negative vorticity in Figure 5f . The relationship between the negative vorticity and the proton density (panel (i)) is consistent with simulation results in Nakamura et al. (2004) . There, the negative vorticity (referred as a reversed shear flow) only occurs when there is a density jump across the shear layer. Since the density jump is modified by proton density on the magnetosheath side, the negative vorticity development is associated with solar wind proton density. This is confirmed by our result in Figure 5i as one can see that the negative vorticity tends to zero for lower proton density.
Summary
Observations of KH waves on 20-21 November 2001 made by Cluster are revisited using the four-spacecraft magnetic curvature and vorticity analyses. Several four-spacecraft signatures in magnetic curvature and flow vorticity of KH waves proposed by K18 are confirmed. We observe a rotation of curvature direction from sunward and earthward in the inner magnetospheric side to the opposite direction in the outer magnetospheric side across the wave trailing edges, consistent with K18. Rolled-up vortex signatures are further highlighted by the four-spacecraft tools complementary to previous studies using single-spacecraft observations. We observe the magnetic field distortion against the vortical flow at the vortex center. We also observe the negative vorticity layer adjacent to the positive vorticity of the vortex core of a rolled-up KH vortex where the LDFTS plasma is found. The confirmation of such vorticity variations is useful to assess whether identifying rolled-up KH waves in four-spacecraft observations may be applicable. Local properties of the KH waves are characterized with changes in solar wind conditions. In particular, we found the smaller radius of magnetic curvature (stronger bending) and larger positive flow vorticity for lower IMF clock angle (longer wavelength KH waves). The average minimum curvature radii are compared for various ratios of the tetrahedron size to the wavelength. We have demonstrated observationally the dependence of the curvature radius measurement on the tetrahedron size, consistent with nonlinear spatial variations of magnetic structures resolved by nested cross-scale virtual spacecraft tetrahedrons in a numerical simulation. Finally, we confirm the importance of local conditions on the development of the negative vorticity as previously found in the simulations, such that the negative vorticity is associated with the density jump and strengthened with higher solar wind proton density. We additionally find that it also strengthens with increasing solar wind speed. In other words, there are three possible effects that are being detected in the parametric study in the various panels of Figure 5 . The first one observed as linear relationships as seen in Figures 5a and 5b could be caused by the scale size of the KH waves (controlled by the IMF clock angle) with respect to the tetrahedron size. The impact of the a∕ KH ratio is summarized in Figure 6 (shown for the minimum curvature radius). The second effect also observed as linear relationships in Figures 5f and 5i could be due to the physical parameters that control the KHI excitation, for example, density and velocity jumps across the shear interface or the vorticity scaling that is a characteristic of the boundary layer (associated speed and layer thickness). The third effect observed in the lack of linear relationship could be attributed to nonlinear KH evolution. The negative vorticity (e.g., Figure 5c ) is one of the spatial variations expected to arise due to nonlinear KH evolution. However, not all negative vorticity in the data can be taken as a signature of rolled-up vortices, and there is no evidence that the strongest negative vorticity occurs in relation to nonlinear KH evolution either. Further investigations to understand the development of negative vorticity would be needed, for example, using the KH vortex frame in observational data, but they are beyond the scope of this study. While more data points are desirable for better statistics in the parametric survey, we cannot conduct an ideal "controlled" experiment with unrelated KH events that may resemble in some aspects our selected event, but will always differ in solar wind/local plasma conditions and satellite relative locations and separations. The multiscale analysis in this work has broad applications especially for cross-scale observations of complex magnetic and vortical flow structures, which are ubiquitous in the Earth's magnetospheric environments.
